Majorana CP phases in bi-pair neutrino mixing and leptogenesis 
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We estimate Majorana CP phases for a given flavor neutrino mass matrix (M^) consistent with the 
bi-pair neutrino mixing, which is recently proposed to describe neutrino mixings given by sin S13 = 
for the reactor neutrino mixing, sin^ = 1—1/ for the solar neutrino mixing and either 
sin^ ^23 ~ tan'^ 612 or sin^ S23 = 1 — tan^ 9\2 for the atmospheric neutrino mixing. Sizes of Majorana 
CP phases are evaluated so as to generate the observed baryon asymmetry in the universe via 
a leptogenesis scenario within the framework of the minimal seesaw model, where satisfies 
det(Af„) = and one active Majorana CP phase (0) is present. Assuming the normal mass hierarchy 
for light neutrinos and one zero texture for a 3 x 2 Dirac neutrino mass matrix, we find that (j) lies 
in the region of 0.69 < \4>\ < 0.92 [rad], which is converted into allowed regions of a = arg(A/e^) and 
/3 = arg(MeT), where Mij (i, j—e, ij,,t) denote the i-j matrix element of M^. The phases a and /3 
turn out to satisfy 0.31 < \a\ < 0.40 [rad] and —1.25 < /3 < —0.32 [rad]. The approximate numerical 
equality of \(j>\ « 2|a| is consistent with our theoretical estimation oi (j> = (j>2 ~ 4'i for (j>2 = —{a + /3) 
and ^ a — P valid for the normal mass hierarchy. We also find the following scaling property: 
(M;^ - ML/tl2)/Ml^ = A/;,/(M;, - MLIti2) = -M^,/M;, (tfa = tan^eia = ^ - 1), where 
M'ij stands for Mij 



evaluated on the basis of the Particle Data Group's phase convention. 



PACS numbers: 14.60. Pq, 26.65. +t, 14.60.St 
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I. INTRODUCTION 

Experimental and theoretical studies of neutrino mix- 
ings have revealed various properties of neutrinos. The 
results from the atmospheric [l| , solar Q , reactor [1, Q 
and accelerator [5] neutrino oscillation experiments have 
provided us with robust evidence that neutrinos have 
tiny masses and their flavor states are mixed with each 
other [6|. The squared mass differences of solar and at- 
mospheric neutrinos, 
ml 



ml and Am^^^ = 



respectively, defined by Attiq 



m^, where 



(i = 1,2,3) 



is the mass of the corresponding generation of neutrinos, 
are observed to be 0] : 



Am| 



Am„ 



7.65l°J3 X 10- 
2.40l|5:ii X 10" 



^eV^ 
^eV^ 



(1) 



The flavor mixing angles 612, 623 and 613 are obtained as 



sin^ 


9l2 


— u.oui^o.oie' 




sin^ 


923 


— U.OU_Qgg, 




sin^ 


9l3 




(2) 



where 612, O23 and ^13 stand for solar neutrino mixing an- 
gle, atmospheric neutrino mixing angle and reactor neu- 
trino mixing angle, respectively. These mixing angles de- 
scribe the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) 
matrix Upmns that converts mass eigenstates of neu- 
trinos into flavor neutrinos. 
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One of the important and unsolved problem in neu- 
trino physics is to understand CP properties of neutri- 
nos. There are two sources of CP violations arising from 
Dirac CP phase and Majorana CP phase For three 
flavor neutrinos, CP violation is induced by one Dirac 
CP phase and two Majorana CP phases. Since Dirac CP 
violation involves the factor sin 6*13, no CP violation is 
induced by Dirac CP phase if sin 6113 = 0. The current 
experimental data Eq.(l2]) are consistent with sin^is = 0. 
The latest data of sin6'i3 reported by T2K collaboration 
[Tot seem to suggest that sin^ia 7^ at 90 % C.L, namely, 
0.03(0.04) < sin^ 26*13 < 0.28(0.34) for normal (inverted) 
mass hierarchy, giving sin^ 6*13 > 0.0075. The MINOS 
Coflaboration has also reported to disfavor sin6'i3 = 
[Tl| . Since these indications are not statistically suffi- 
cient, to get the definite confirmation of sin ^13 7^ needs 
more data samples. Theoretically, it is useful to construct 
a model giving sin 6113 = 0, which can be regarded as a 
reference point to discuss effects of sin 013 7^ 0. 

If sin 013 = 0, Dirac CP phase is irrelevant. The re- 
maining Majorana CP phases completely disappear from 
the oscillation probabilities and cannot be measured by 
quite familiar oscillation experiments jl2| . Although Ma- 
jorana CP phases can enter in processes of neutrinoless 
double beta decay, the detection of Majorana CP viola- 
tion has not been succeeded [l^. On the other hand, in 
the leptogenesis scenario [l^ , the baryon-photon ratio in 
the universe (rys) is generated if Majorana CP phases 
exist and sizes of Majorana CP phases can be evalu- 
ated such that the observed ratio by WMAP collabora- 
tion [1^ is reproduced. There are theoretical discussions 
that predict sin 6*13 = p^ - l20j . We have recently pro- 
posed a bi-pair neutrino mixing scheme [2l| that also 
predicts sin 013 = as well as sin^ 0i2 = 1 — l/-\/2 
and either sin^ 023 = tan^ 0i2 (referred to the case 1) 
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or sin^ 623 = 1 — tan^ 6112 (referred to the case 2) . 

In this paper, we would hke to estimate sizes of phases 
of flavor neutrino masses associated with the bi-pair neu- 
trino mixing. To do so, we rely upon the seesaw mecha- 
nism [22] to calculate rjB- Since rjB depends on Majorana 
phases, to find constraints on phases of fiavor neutrino 
masses, we have to derive direct relations between Ma- 
jorana phases and phases of flavor neutrino masses. It is 
convenient to adopt the minimal seesaw model [2^, [13] , 
where the number of physical phases associated with the 
seesaw mechanism are equal to that of CP phases of the 
fiavor neutrino sector. 

This paper is organized as follows. In the next sec- 
tion, we show a brief introduction to the bi-pair neutrino 
mixing and we also show phase structure of fiavor neu- 
trino masses leading to the bi-pair neutrino mixing. The 
direct relationship between Majorana phases and phases 
of flavor neutrino masses are derived. In section Hill we 
give an outline of the minimal seesaw model and lepto- 
genesis. We perform numerical calculations to show the 
allowed region of Majorana phases and of phases of flavor 
neutrino masses. The last section is devoted to summary 
and discussions. 



II. BI-PAIR NEUTRINO MIXING 

It is a good approximation that the reactor neutrino 
mixing angle is exactly zero 4]. In this case, the PMNS 
matrix Upmns given by the Particle Data Group (25.] to 
be Upmns - t/„^^«F^^« : 



PDG 



P 



PDG 




COS I 



where Ci^ 
denote Majorana phases. 



sm 



(3) 



kj = 1,2,3) and 0i,2 



A. Texture 

The bi-pair neutrino mixing Ubp is determined by a 
mixing matrix Uq^'^ with two pairs of identical mag- 
nitudes of matrix elements. There are two possibili- 
ties of the bi-pair texture [Hj, both of which predict 
sin^ 6I12 = 1 - 1/V2(~ 0.293). 

Case 1: The first possibility shows 

iKn^^i - \iur%3\- (4) 

These relations in turn provide useful relationship among 
the atmospheric neutrino mixing and the solar neutrino 
mixing as 



The bi-pair neutrino mixing in the case 1 is parameter- 
ized by only one mixing angle 0i2- 



C12 S12 







Ubp^ 



— ^12 tl2 tl2 
512*12 -S12 tl2/ci2 



(6) 



where — tan^y = 1,2,3). Numerically, the mix- 
ing angles are predicted to be: 



sin2 6'i2 = 1- 



1 
71 



0.293, 



sm 023 



tan^ 6*12 = \/2 - 1 - 0.414. (7) 



The bi-pair neutrino mixing well describes the observed 
solar neutrino mixing (0.288 < sin^ 6*12 < 0.326); how- 
ever, the atmospheric neutrino mixing is slightly incon- 
sistent with the 1(7 data (0.44 < sin^ 6123 < 0.57). It is 
expected that additional contribution to the atmospheric 
neutrino mixing angle is produced by the charged lepton 
correction if a non-diagonal matrix element of charged 
lepton mass matrix only arises from a fi-r mixing mass 
so that 6*23 can be shifted to the la region without af- 
fecting the value of 6'i2.i3. 

Case 2: The second possibility shows 



lK"^),2l = lK"^)22l 
lK"^)32l = lK"^)33l 



(8) 



723 



tan^ 6112, tan^ 6*23 = cos^ 6 



(5) 



The atmospheric neutrino mixing is related to the solar 
neutrino mixing as 

cos2 6'23 = tan2 6ii2, tan^ 6I23 = 1/ cos^ 6*12. (9) 

The bi-pair neutrino mixing in the case 2 is parameter- 
ized by 

C12 S12 
Ubp = I -512^12 S12 ti2/ci2 ) . (10) 

^12 —tl2 tl2 

Numerically, the mixing angles are predicted to be: 

sin^ 012 = 1 - ^ - 0.293, 
v2 

sin2 6'23 = 1 - tan^ 6*12 = 2 - V2 - 0.586. (11) 

Same as in the case 1, the atmospheric neutrino mixing 
is slightly inconsistent with the la data. 



B. General discussion on phase structure 

One may wonder what kind of fiavor structure of a 
neutrino mass matrix M^, is associated with the bi-pair 
neutrino mixing. To find phase structure of Mi, for the bi- 
pair neutrino mixing, we start our discussion with most 
general form of the PMNS mixing matrix Upmns — UqP 
with 
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Un = 



1 
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C23Cl2Sl3e*'' -S23C12 - C23Sl2Sl3e'(''+'') 




S23Cl2Sl3e C23C12 - 5235123136*'-''+'^^ S23C13 , (12 



and 



P = 

















(13) 



where S, p denote three Dir ac p hases and ipi, ip2, fa 
denote three Majorana phases [26j . 

The phases 7 and p in Uo are redundant and we can re- 
move these phases by the redefinition of flavor neutrinos 
resulting from the phase ambiguities present in charged 
leptons. This redefinition can be express by a rotation 
matrix R which has three phases 9^, 0^ and 9^.: 




(14) 



After redundant phases are removed from Upmns-, the 
mixing matrix becomes 



and accordingly the 3x3 symmetric flavor neutrino mass 
matrix 



is shifted as follows: 



Mee M^r 
Mrr 



(16) 



(17) 



For example, to obtain the Particle Data Group's form 
of the mixing matrix, we take 9e = ~p, 9^^ = —7 and 
9t- = 7, which give R for the PDG version, Rpdg'- 



R 



PDG 



e-'P 
e-*'' 
e"-^ 



(18) 



UpMNS 



U'pMNS — RUpMNS, 



(15) We, then, find the PDG version of f/o, C/^^'"'^: 



C12C13 S12C13 siae"*'''^^ 

U'PDG ^ I _C23S12 - S23Cl2Sl3e''''^^ C23C12 - 523^123136**'^^ S23C13 | , (19) 

S23S12 - 6236125136*'^'^^ -S23612 - 6235125136"^^^ 623613 



and the PDG version of P, P'PDG. 



The flavor neutrino mass matrix Eq.(fT6l) is shifted to 



e'-^i 
P'PDG ^ ( e*^2 

e*'^3 



(20) 



where 



5cP = 5 + p, 4>\ = Lpx-p, 02,3 = ¥^2, 3- (21) 

After appropriate redefinition of Majorana phases, Eq.([3|) 
turns out to be: 



jjPDG _TTPDGr,PDG 
'^PMNS — '^0 ^ 1 



where 



02 = 2(02 - (/-i) 

03 = 2(03 - 0'J. 



(22) 



(23) 



M, 



PDG 



M^, M^^ Ml, 
M' 

^'PMee e'^P+^^Mea e'^P-'^Ule 



M„ 



g-2i7Af 



(24) 



C. Phase structure in the bi-pair neutrino mixing 

For any type of neutrino mixings that give sin^is — 0, 
it can be argued that Eq. p^ becomes the following mass 
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matrix [27 



M, 



1^1 613=0 



iVV > (25) 



with 



and 



Mrr = e^'W^^ + l-^e^'-'M^r, (26) 

123 



are calculated to be 



ma 



mie 



m2e 



= e '^ik/ee — E12- 



C23 

1 e^«|Af, 



CM I 



il2 C23 

123 

where 

The mixing angle 9i2 is given by 



tan 2012 



(27) 



The neutrino masses mi, m2, ms defined by 

mi 

UpMNsMu\e,,=oUpMNS = I m2 I , (28) 



(29) 



(30) 



(31) 



From Eq.(I25]), we obtain M^^^le.^^o- 

9i3=0 

e^VMee e'«|Afep| -t23e'^|Afe^| 

(32) 

Furthermore, by using (|3T|) to eliminate e^^'^'Af^^, we find 
the following flavor structure: 





1 

2 1 


-(• 


tan 2fli2 C23 




\ 


•(• 


i23 1 








/ 



— ^23 


2 1 

tan 2812 C23 



(33) 



For the bi-pair mixing scheme, the mixing angles in 
Eq.dSni) are fixed to be tan^ 26*12 = 2(^2 - 1) together 



with tan^ ^23 = l/v^ for the case 1 and tan^ 6*23 = \/2 for 
the case 2. A more transparent form of its fiavor struc- 
ture can be obtained when either mi or vanishes as 
in the minimal seesaw model to be discussed in the next 
section. 

Let us consider neutrinos exhibiting mi = 0, which 
corresponds to the normal mass hierarchy. Since there 
is the phase ambiguity in the charged lepton sector, we 
can choose three phases associated with flavor neutrino 
masses to be any values. One may assign a speciflc value 
to Mf^r to be consistent with mi = and take M^e and 
Mf,f, to be real. Accordingly, Eqs.(I32|), ([Ml), (US) and 
(ISTI) turn out to be 



M. 



PDGimi=0 



V Iei3=0 

e^'^ \M^^\ A/V 

e-2*TAf^r 



123 

mie-'*^ = e^^^/te |M,e| - ti2^^^^(= 0), 



(34) 
(35) 



m2e 



mae 



C23 

i\2 C23 



^23 



tan 2012 



e^"^ lAf^^l - t23AV - e2vK, |Afe, 



(36) 
r,(37) 



where the sign of Afge is taken care of by Kg = ±1 for 
-7r/2 < 2p < 7r/2. From mi = in Eq.®, we find 
^ — 2p leading to 

e = 2p = a + /3. (38) 
We then find that, from ((37)) . M^r is given by 



M, 



C23^12 



(39) 



The phase of M^r should be adjusted to satisfy Eq. ([M)l . 
The neutrino masses turn out to be: 



m2e 



mse 



gi("+/3) \M, 



C12S12C23 



-«03 



523 V *12 



(40) 

The Majorana phase (j)2 is simply given by 

02 = -(a + /3). (41) 

The phase (3 — a can also be calculated from the equiva- 
lent relation of 

arg {l3-a) = arg {tl^m^e-'-'t'' + €^2^26-*'^^ ) . (42) 
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The condition of rn^ ^ leads to 

(j>3 ^ a- 13. 
For the rest of paper, we use 4>: 



to denote Majorana CP phase 



(43) 



For the bi-pair neutrino mixing, the flavor neutrino 
(44) mass matrix Eq. ([55)1 is converted to be 



^e»(a+/3)|M,^| e*("+«|Me^| -4e'("+'')|Me^| 

Mr%:i='o-^\ 4e^("+'')|Me,| + |iVV |, (45) 



where {A,B) = (ci2,l) for the case 1 while {A, B) — neutrino masses Afi, M2 as 12 
(1,012) for the case 2. It should be mentioned that the 
mass matrix M^^'^\^^]^~g exhibits the following scaling 

property: ''^D — 



M' 

-'"ee 

Ml.. 



M' 
MM 



MT 



M' 



M' 



M' 



-Mk = ± (46) 



efj. 




(48) 



where one zero texture is assumed and the light neutrino 
mass matrix is obtained from M^^^ = —mjjM'^ 



1 T 
mjj as 



M. 



PDG 



Ml, Ml^ Ml, 
ML 



where M'^ - {i,j=e, fj,, r) stand for the matrix elements of 
M^^'^ as in Eq.([Ml). 



af + bl 0102 + 6162 0103 
02 + 62 £12 03 
a? 



- 6163 
6263 



(49) 



III. LEPTOGENESIS 

In this section, first, we give an outline of the minimal 
seesaw model and leptogenesis, then, we show the allowed 
region of Majorana phases from a numerical calculation. 



A. Minimal seesaw model 

In the minimal seesaw model (23j . we introduce two 
heavy neutrinos Ni and N2 into the standard model. We 
obtain a symmetric 3x3 light neutrino mass matrix by 
the relation of Mi, — —mjjMj^^mJy, where mo is a 3 x 2 
Dirac neutrino mass matrix and Mji is a 2 x 2 heavy 
neutrino mass matrix. We assume that the mass matrix 
of the heavy neutrinos as well as of the charged leptons 
is diagonal and real. For the heavy neutrinos, Af^ takes 
the form of 



Ml 
A/2 



(M2 > Afi). 



(47) 



The Dirac neutrino mass matrix mu can be expressed in 
terms of 6 parameters ai, 02, 03, 61, 62, 63 and two heavy 



whose phase structure is determined by Eq. (j24p . which 
is described by Eq. pSl) . The condition Eq.d^H) giving 
sin 013 = now reads 



ML 



y-2 

-23 AT' 

23 



(50) 



The mass matrix Eq.(|49p contains 5 parameters be- 
cause of the condition of det(Af^^'^) — 0. Since the 
Dirac mass matrix rriD is one zero texture, we can ana- 
lytically express the Dirac mass matrix elements in m^j 
in terms of the light neutrino masses in M^^^. For in- 
stance, if 02 — 0, the solution consists of 



Oi 



^3 



61 



-CTii 



IMI^MI 



- Mil 



M' 



M' M' 



M'2 



M' 



with 



M' M' 



0-1 CT3 



63 = 



,(51) 



Af'2 ) 



Ml\) 



(52) 
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due to det(M^^'^) = 0, where 0-1,3 = ±1 0,121 and the 
sign of (71(73 can be calculated. Similarly, other solutions 
with ai or 3 = or 61.2 or 3 = can be obtained. 

According to the condition of det(Mjf^*^) — 0, at 
least one of the neutrino mass eigenvalues (mi, 111,2,1713) 
must be zero [l^. We obtain the two types of 
hierarchical neutrino mass spectrum in the minimal 
seesaw model. One is the n ormal mass hierar- 
chy (mi, m2, 7713) = (0, ^ Am%, ^y Amlf^^'j and the 
other is the inverted mass hierarchy {mi, 7712,7113) — 



Atoq 



The matrix ele- 



ments of mD can be reconstructed in terms of two mixing 
angles ^12, 23, two neutrino masses m2,3, one CP phase (p 
and two heavy neutrino masses Mi. 2. 



B. Leptogenesis 



In the leptogenesis scenario , the baryon-photon ratio is 
obtained from the baryon asymmetry Yg — {ns — n'g)! s 
as 

r/B = 7.04^5, (53) 

where s is entropy density in the universe. Via the 
sphaleron process, this baryon asymmetry is related to 
the lepton asymmetry 1^: 



with the Plank mass M^i ~ 1.22 x 10^'' GeV and the 
vacuum expectation value of the Higgs field w ~ 174 
GeV. 

2. The CP-asymmetry e is generated by the decay 
processes of the heavy neutrinos. If we assume a 
hierarchical mass spectrum of the heavy neutrinos 
Ml ^ M2, the interactions of A^i can be in ther- 
mal equilibrium when N2 decays and the asymme- 
try caused by the N2 decay is washed out by the 
lepton number violating processes with A^i. Thus, 
only the decays of A^i are relevant to the genera- 
tion of the final lepton asymmetry. In this case, the 
CP-asymmetry parameter is calculated to be [1J| 



M2 Im [(ajfoi 



alhz) 



21 



87rw2 



l«i| 



102 



as 



M2 
Ml 



,(58) 



where the function ]{x) is given by 



!{x) = X 



1 - (1 + a;^)ln 





1 




^ l-a;2_ 



-— for a; > 1, 
2x 



(59) 



3. The effective number of the relativistic degree of 
freedom is calculated as 1301 



^ _ 8A^ + 4m 
^ ~ 147V 9m ^' 



(54) 



where iV is the number of generation of fermions and m 
is the number of Higgs doublets. In the particle contents 
of the standard model, we have Yg ~ —0.549^^. 

The lepton asymmetry Yj^ is parameterized by three 
terms as 



YL=d- 



9* 



(55) 



where d, e and are generally called the dilution factor, 
CP-asymmetry parameter and effective number of the 
relativistic degree of freedom, respectively. We use the 
following estimates: 

1 . The dilution factor d should be determined by solv- 
ing the Boltzmann equation. In the present anal- 
yses, however, we use the good analytical approxi- 
mation proposed by Nielsen and Takanishi |29j: 




0.3 

K{lnK}Ofi 



< if < 10, 
10<K< 10^ 



(56) 



Mpi (m^mgi) 



11 



1.66^(87ri;2 
1 

10-3eV 



Ml 



aip + |a2p + |a3n 



(57) 



-bosons 



J2 5^ 

i— fermions 



(60) 



where T is thermal equilibrium temperature of the 
universe, Ti and gi are temperature and number of 
internal degrees of freedom of the relativistic par- 
ticle species i. For T > 300 GeV, all the species 
in the standard model are relativistic and we have 
~ 106.75. 

We note that, in the case of Mi ^ M2, the baryon- 
photon ratio r]B is nearly proportional to the mass of 
heavy neutrino Mi [2^. This Mi dependence to tjb 
can be understand by the following rough estimation. 
For X — M2/M1 ^ 1, the CP-asymmetry parameter e 
Eg. ([58)1 becomes 



167rti- 



lm[{albi + alb2 + alh)^ 



02 



03 



(61) 



Since e is independent of Mi , e is nearly proportional to 
the mass of the heavy neutrino Mi. 



C. Numerical analysis 

Assumptions: We have performed the numerical 
calculation with the following assumptions: 
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FIG. 1: Majorana CP phase <j!> vs the baryon-photon ratio 77s 
for 02 = (upper figure) and — (lower figure) in the case 
f (sin^ 023 = tan^6i2) of the bi-pair neutrino mixing. The 
horizontal rectangles show the allowed region of riB and the 
thick black curves show our predictions. 



1. The light neutrino mass spectrum is the normal 
mass hierarchy. 

2. Am| = 7.65 x IQ-^eV^ and \Amlt^\ = 2 AO x 
lO-^eV^ 

3. The heavy neutrino masses Mi_2 he between elec- 
troweak scale - 10^ GeV and GUT scale - lO^^ 
GeV. We take Mi = 5 x 10i°(< M2) GeV. In order 
to ensure the thermal leptogenesis to be the source 
of the baryon asymmetry in the universe, the re- 
heating temperature after inflation must have been 
greater than the mass scale of the lightest heavy 
Majorana neutrino [3l|. Hence the lower bound 
on the reheating temperature must be greater than 
^ 10^" GeV. However, this high reheating temper- 
ature is not suitable for supersymmetric (SUSY) 
theories because it may lead to an overproduction 
of light supersymmetric particles, such a gravitino 
after inflation [s^]. We are not considering this 



FIG. 2: The same as in FIG[T]but for &2 = (upper figure) 
and for 63 = (lower figure). 



problem here and are limiting discussion on non- 
SUSY cases. 

4. The Dirac neutrino mass matrix is one zero texture. 
However, if either ai = or 61 = is chosen, we 
can prove that e oc a^bi + 02^2 + 0,3^^, = and 
TjB (X. e — 0. The case with ai = or 61 — is 
excluded. 

5. All the particle species in the standard model were 
relativistic when the leptonic CP-asymmetry was 
generated by the decay process of the lightest heavy 
neutrino iVi. However, iVi was heavy enough to be 
non-relativistic itself. We take = 106.75. 

6. We use r/s — (6.2 ±0.15) x 10^^" as the upper and 
lower bound of the baryon-photon ratio from the 
WMAP observation (isj . 

Predictions: Our results are summarized in five 
figures FIG[T] ^ FIGlSJ Basically, since the case with 
02 = (&2 — 0) is identical to the case with 03 = 
(&2 = 0) if the ^-T symmetry is exact in M^^'^. The 
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a [rad] 




a [rad] 

FIG. 3: The same as in FIG[T]but for the phase a for a2 — 
(upper figure) and — (lower figure). 
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3 

-^A -1.2 -1 -0.8 -0.6 -0.4 -0.2 
p[rad] 

FIG. 4: The same as in FIG[T]but for the phase /3 for a2 = 
(upper figure) and — (lower figure). 



experimental results are consistent with the approximate 
fj,-T symmetry and we expect that our predictions based 
on 02 = (1)2 = 0) are quite similar to those based on 
— (&3 — 0) . We discuss implications from these 
figures in the followings: 

1. Case 1: This case corresponds to the bi-pair neu- 
trino mixing with sin^ ^23 — tan^0i2. FIG[T] and 
FIG 12] show our predictions on rjB m the case of 
02 = or 03 = (FIGUI) and 62 = or 63 = 
(FIGH]). From FIGlH we observe that Majorana 
CP phase lies in the following regions: 

101- 0.69- 0.86 [rad], (62) 

for the case of 02 = 0, and 

101- 0.76 - 0.92 [rad], (63) 

for the case of 03 = 0, where < < 7r/2. The dif- 
ferences between the cases of 02 = and of 03 = 
are not so large (less than 10%). On the other 
hand, FIG 12] shows too small r/B and no consistent 



regions of with the observed r]B- This is naturally 
expected because tjb gets larger for the smaller de- 
nominator of Eq. ((6T|l for e, which prefers the case of 
a2 — or as ~ compared with the case of 62 — 
or 63 — 0. 

The black regions in FIGO] and FIGH] show our 
predictions of a and /3, which, respectively, stand 
for the phases of M^fj, and M^t- The horizontal 
narrow bands in each figures are the allowed regions 
of the phases, which give 

0-31 < |a| < 0.37 [rad], 

-1-25 <(3< -0.32 [rad], (64) 

for the case of 02 =0, and 

0.34 < |a| < 0.40 [rad], 

-1-23 < ^ < -0.35 [rad], (65) 

for the case of 03 = 0. Depicted in FIGH] is the 
direct relation of a and /3, where the range of /? is 
restricted to the allowed region. From these figures, 
we observe that 
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The allowed ref 


;ions of the phase a vs the phase 



indicated by two narrow bands for a2 — (upper figure) and 
as = (lower figure) in the case 1 (sin^ 623 = tan^ 612) of the 
bi-pair neutrino mixing. 



for 02 =0. As a result, aibl + 02^2 + 0.3^3 and 
+ |a2p + |a3p to calculate e for 02 = in the 
case 2 are same as those for 03 = in the case 1. 
Therefore, tjb for 02 = in the case 2 is equal to 
rjB for 03 = in the case 1. Similarly for 03 = in 
the case 2. 



IV. SUMMARY AND DISCUSSIONS 

We have discussed Majorana CP violation in the re- 
cently proposed bi-pair neutrino mixing scheme that pre- 
dicts sin 6*13 = as well as tan^ 29i2 — 2(-\/2 — 1) with 
either tan^ ^23 = l/\/2 (the case 1) or tan^ ^23 = \/2 
(the case 2). Within the minimal seesaw model, where 
nil = is chosen, we have found that the Majorana CP 
phase (j) is constrained to be: 

|(/)| - 0.69- 0.86 [rad], (67) 

for the case of 02 = 0, and 

|(^| ~ 0.76- 0.92 [rad], (68) 

for the case of = 0, in order to reproduce the observed 
WMAP baryon-photon ratio. 

The theoretical study on the flavor structure of the 
mass matrix giving sin^is — further reveals that two 
Majorana phases 02.3 are estimated to be: 

(1)2 = -(a + /3), 

03 « a -13, (69) 



• a, the phase of Afe^i, satisfies 0.31 < \a\ < 0.40 

[rad] , 

• /3, the phase of Mer, lies in the broad range of 
-1.25 - -0.32 [rad]. 

2. Case 2: This case corresponds to the bi-pair neu- 
trino mixing with sin^ 623 = 1 — tan^ 612. The pre- 
dictions of r]B for 02 (03 = 0) are reproduced 
by plots for as = (02 = 0) in the case 1. This 
correspondence can be understand by the follow- 
ing way: The Dirac matrix elements for the case 
2 (a™**^^, a™'*'^^, • • • ) can be expressed in terms of 



those for the case 1 (a^' 
can find that 



easel ^easel 



) . Namely, we 



^ \case2 „ \easel 7 \ease2 7 \easel 

ai|a2=0 -~"lla3=0' 01102=0 --Oi|q3=0' 

„ \case2 n U \case2 l \casel 

a2|a2-0 ^2\a2^0 — f^3|a3-0' 

„ \case2 „ i easel v. \case2 t i easel 



_ ^ |case2 
(7l(73|a2=0 



^ _ icasel 
-CTiCr2|„3^0> 



(66) 



where 4> = 4>2 — 4>s, ~ —2a. The phases a and /3, respec- 
tively, specify the phases of A/e^ and Afgi- for a given 
neutrino masses Ma. We have estimated that 



• a satisfies 0.31 < |q;| < 0.40 [rad], 

• /3 lies in the broad range of —1.25 — —0.32 [rad]. 
The relation Eg. ([55)1 is based on the calculations of 7712,3: 



TO2e 



C12S12C23 



■S23 V *12 



(70) 



subject to the condition m§ » m|. The flavor structure 
of Mij compatible with the PDG phase convention is 
given by M,^^G|™i=o^ 
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M. 



PDG\mi=0 



-M 



.e»(«+/3)|M,^ 



(71) 



where (A, i?) = (ci2,l) for the case 1 while {A,B) — 
(l,Ci2) for the case 2. There exist the relations among 
masses in A/.^^'^I^^Jl", M^, given by 



In our future study, we will discuss the detailed fea- 
ture of the charged lepton corrections arising from the 
following type of a mass matrix: 



M' 






= A, 


M' 








M' 




MM 


*12 



M' 



M', 



M' 



M' 
M' 



A 



(72) 



which exhibit the characteristic scaling property. To 
measure the magnitude of Af^g in future, we will 
find that 



\ML\ 



= ^ = 0.8 
• the case 2 



• the case 1 



1 



ci2 = ^=0. 



• • • the case 1 
J- = ^ = 1.19- • - the case 2 



(73) 



(74) 



if the bi-pair neutrino mixing is correct. 



M, = 



(75) 



As effects on the neutrino mixings, the correction to 023 
becomes larger for the larger magnitude of m^T- and ^13 
becomes nonvanishing for e^^,- ^ 0. If there is an approx- 
imate conservation of the electron number, we may have 
tiny corrections to ^13 and the normal mass hierarchy 
is welcome to tiny magnitudes of the electron-number- 
breaking flavor neutrino masses: Mfifi.f.„,.p.T- [3^. Further- 



ee,e/i,eT 

more, since we have equipped with the general parame- 
terization of All, in Eg. ([25)1 compatible with sin 6113 = 0, 
we may discuss Majorana CP violation in more model- 
independent way or in a way based on other specific 
models giving sin0i3 = [20|. These subjects will be 
discussed elsewhere [34j]- 



[1] Y. Fukuda, et al., Super-Kamiokande Collaboration, 
Phys. Rev. Lett. 81, 1562 (1998); Phys. Rev. Lett. 82, 
2430 (1999); T. Kajita, Nucl. Phys. B. Proc. Suppl. 77, 
123 (1999); See also, T. Kajita and Y. Totsuka, Rev. 
Mod. Phys. 73, 85 (2001). 

[2] J. N. Bahcall, W. A. Fowler, L Iben and R. L. Sears, 
Astrophys. J. 137, 344 (1963); J. Bahcall, Phys. Rev. 
Lett. 12, 300 (1964); R. Davis Jr., Phys. Rev. Lett. 
12, 303 (1964); R. Davis Jr., D. S. Harmer and K. C. 
Hoflman, Phys. Rev. Lett. 20, 1205 (1968); J. N. Bah- [5] 
call, N. A. Bahcall and G. Shaviv, Phys. Rev. Lett. 20, 
1209 (1968); J. N. Bahcall and R. Davis Jr., Science 
191, 264 (1976); Y. Fukuda, et al., Super-Kamiokande [6] 
Collaboration, Phys. Rev. Lett. 81, 1158 (1998); Phys. 
Rev. Lett. 81, 4279 (1998), Erratum; B. T. Clevel, et [7] 
al., Super-Kamiokande Collaboration, Astrophys. J. 496, 
505 (1998); W. Hampel, et al., GNO Collaboration, Phys. 
Lett. B 447, 127 (1999); Q. A. Ahmed, et al., SNO Col- 
laboration, Phys. Rev. Lett. 87, 071301 (2001); Phys. [8] 
Rev. Lett. 89, 011301 (2002). 

[3] See for example, K. Eguchi, et al., KamLAND Collabo- 
ration, Phys. Rev. Lett. 90, 021802 (2003); S. Abe, et al., [9] 
KamLAND Collaboration, Phys. Rev. Lett. 100, 221803 
(2008). 

[4] M. ApoUonio et al., CHOOZ Collaboration, Eur. Phys. 

J. C 27, 331 (2003); X. Guo et al., Daya-Bay Collab- [10] 
oration, A precision measurement of the neutrino mix- 



ing angle 613 using reactor antineutrinos at Daya Bay, 
,arXiv:hep-ex/0701029, F. ArdelUer et al.. Double Chooz 
Collaboration, Do uble Chooz: A search f or the neutrino 
mixing angle 813, arXiv:hep-ex/0606025 C. Palomares, 
Double-Chooz Neutrino Experiment, | arXi v:091 1.3227] 
[hep-ex]; J. K. Ahn et al., RENO Collaboration, 
RENO: An Experiment for Neutrino Oscillation Pa- 
rameter 6\3 Using Reactor Neutrinos at Yongg- wang, 
larXiv:1003.1391 [hep-ex]. 

See for example, S. H. Ahn, et al., K2K Collaboration, 
Phys. Lett. B 511, 178 (2001); Phys. Rev. Lett. 90, 
041801 (2003). 

For a review, see for example, Z.-Z. Xing, Nucl. Phys. B. 
Proc. Suppl. 203-204, 82 (2010). 

T. Schwetz, M. Tortola and J.W.F. Valle, New. J. Phys. 
10, 113011 (2008); G. L. FogU, E. Lisi, A. Marrone, A. 
Palazzo and A.M. Rotunno, Phys. Rev. Lett. 101, 141801 
(2008). 

B. Pontecorvo, JETP (USSR) 34, 247 (1958); Z. Maki, 
M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 
(1962). 

S.M. Bilenky, J. Hosek and S.T. Petcov, Phys. Lett. 94B, 
495 (1980); J. Schechter and J.W.F. Valle, Phys. Rev. 
D 22, 2227 (1980); M. Doi, T. Kotani, H. Nishiura, K. 
Okuda and E. Takasugi, Phys. Lett. 102B, 323 (1981). 
K. Abe, et. al., T2K Collaboration, Phys. Rev. Lett. 107, 
041801 (2011); Y. Oyama, T2K Collaboration, Current 



11 



status of the T8K experiment, arXiv:1108.4457 [hep-ex]. 

[11] P. Adamson et. al, MINOS Collaboration, Phys. Rev. D 
82, 051102 (2010); L. Whitehead, et. al., MINOS Collab- 
oration, Recent result from MINOS, Joint Experimental- 
Theoretical Seminar (24 June 2011, Fermilab, USA). See 
also, G. L. Fogli, E. Lisi. A. Marrone, A. Palazzo and A. 
M. Rotunno, Evidence of 613 > from global neutrino 
data analysis, arXiv:1106.6028 [hep-ph]. 

[12] See for review, R. N. Mohapatra and P. B. Pal, Massive 
Neutrinos in Physics and Astrophysics, 3rd. ed. World 
Scientific (2004). 

[13] See for example. D. Delepine, V.G. Macias, S. Khalil and 
G.L. Castro, Phys. Lett. B 693, 438 (2010); A. Joniec, 
Acta Phys. Polon. B 37, 2171 (2006). 

[14] M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 
(1986); J. A. Harvey and M. S. Turner, Phys. Rev. D 42, 
3344 (1990); M. A. Luty, Phys. Rev. D 45, 455 (1992); M. 
Pliimacher, Z. Phys. C 74, 549 (1997); W. Buchmiiller 
and M. Pliimacher, Phys. Lett. B 431, 354 (1998). 

[15] E. Komatsu et. al., Astrophys. J. Suppl 180, 330 (2009). 

[16] T. Fukuyama and H. Nishiura, in Proceedings of Interna- 
tional Workshop on Masses and Mixings of Quarks and 
Leptons, Shizuoka, 1997, edited by Y. Koide (World Sci- 
entific, Singapore, 1997), p. 252; Mass Matrix of Majo- 
rana Neutrinos, arXiv:hep-ph/9702253 , R. N. Mohapa- 
tra and S. Nussinov, Phys. Rev. D 60, 013002 (1999); E. 
Ma and M. Raidal, Phys. Rev. Lett. 87, 011802 (2001); 
C. S. Lam, Phys. Lett. B 507, 214 (2001); P. F. Har- 
rison, W. G. Scott, Phys. Lett. B 574, 219 (2002); W. 
Grimus and L. Lavoura, Phys. Lett. B 572, 189 (2003); 
J. Phys. G 30, 73 (2004); Y. Koide, Phys. Rev. D 69, 
093001 (2004); T. Ota and W. Rodejohann, Phys. Lett. 
B 639, 322 (2006). 

[17] T. Kitabayashi and M. Yasue, Phys. Lett. B 524, 308 
(2002); Int. J. Mod. Phys. A 17, 2519 (2002); Phys. Rev. 
D 67, 015006 (2003); Phys. Lett. B 621, 133 (2005); I. 
Aizawa, M. Ishiguro, T. Kitabayashi and M. Yasue, Phys. 
Rev. D 70, 015011 (2004); I. Aizawa, T. Kitabayashi and 
M. Yasue, Phys. Rev. D 71, 075011 (2005); Nucl. Phys. 
B 728, 220 (2005). 

[18] P.F. Harrison, D.H. Perkins and W.G. Scott, Phys. Lett. 
B 530, 167 (2002); Z.-Z. Xing, Phys. Lett. B 533, 85 
(2002); P.F. Harrison and W.G. Scott, Phys. Lett. B 535, 
163 (2002). 

[19] R. N. Mohapatra and W. Rodejohann, Phys. Lett. B 644, 
59 (2007); A. Blum, R. N. Mohapatra and W. Rodejo- 
hann, Phys. Rev. D 76, 053003 (2007). 

[20] For other parameterizations, see H. Fritzsch and Z.-Z. 
Xing, Phys. Lett. B 372, 265 (1996); V.D. Barger, S. 
Pakvasa, T.J. Weiler and K. Whisnant, Phys. Lett. B 
437, 107 (1998); C. Giunti, Nucl. Phys. B. Proc. Suppl. 
117, 24 (2003); Z. -Z. Xing, J. Phys. G 29, 2227 (2003); 
Y. Kajiyama, M. Raidal, A. Strumia, Phys. Rev. D 76, 
Phys. Rev. D 76, 117301 (2007); W. Rodejohann, Phys. 
Lett. B 671, 267 (2009); C. H. Albright, A. Dueck and 
W. Rodejohann, Eur. Phys. J. C 70, 1099 (2010); G.-J. 
Dinga, L.L. Everett and A.J. Stuart, Golden Ratio Neu- 
trino Mixing and A 5 Flavor Symmetry. larXiv:1110. 16881 
[hep-ph]. See also, I. de Medeiros Varzielas, R. Gonzalez 
Felipe and H. Serodio, Phys. Rev. D 83, 033007 (2011). 

[21] T. Kitabayashi and M. Yasue, Phys. Lett. B 696, 478 



(2011). 

[22] P. Minkowski, Phys. Lett. B 67, 421 (1977); T. Yanagida, 
in Proceedings of the Workshop on the Unified Theory 
and Baryon Number in the Universe, KEK, 1979, edited 
by O. Sawada and A. Sugamoto (KEK report 79-18, 
1979), p. 95; Prog. Theor. Phys. 64, 1870 (1980); M. 
Gell-Mann, P. Ramond and R. Slansky, in Supergravity, 
Proceedings of the Supergravity Workshop, Stony Brook, 
1979, edited by P. van Nieuwenhuizen and D.Z. Freed- 
mann (North-Holland, Amsterdam 1979), p. 315; R.N. 
Mohapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 
(1980). See also, P. Minkowski, in Proceedings of the 
XI International Workshop on Neutrino Telescopes m 
Venice, Venice, 2005, edited by M. Baldo Ceolin (Pa- 
pergraf S.p.A, Italy, 2005), p. 7. 

[23] T. Endoh, S. Kaneko, S.K. Kang, T. Morozumi and 
M. Tanimoto, Phys. Rev. Lett. 89, 231601 (2002); P.H. 
Frampton, S.L. Glashow and T. Yanagida, Phys. Lett. B 
548, 119 (2002); M. Raidal and A. Strumia, Phys. Lett. 
B 553, 72 (2003); R.G. Felipe, F.R. Joaquim and B.M. 
Nobre, Phys. Rev. D 70, 085009 (2004). 

[24] V. Barger, D. A. Dicus, H-J. He and T. Li, Phys. Lett. 
B 583, 173 (2004); S. Chang, S. K. Kang and K. Siyeon, 
Phys. Lett. B 597, 78 (2004). 

[25] K. Nakamura, et.al., Particle Data Group, J. Phys. G 37, 
075021 (2010). 

[26] T. Baba and M. Yasue, Phys. Rev. D 75, 055001 (2007); 
Phys. Rev. D 77, 075008 (2008); Prog. Theor. Phys. 123, 
659 (2010). See also, S.-F. Ge, H.-J. He and F.-R. Yin, 
JCAP 1005, 017 (2010); Z.-Z. Xing and Y.-L. Zhou, 
Phys. Lett. B 693, 584 (2010). 

[27] K. Yuda and M. Yasue, Phys. Lett. B 693, 571 (2010). 

[28] T. Kitabayashi, Phys. Rev. D 76, 033002 (2007); Prog. 
Theor. Phys. 120, 443 (2008). 

[29] H. B. Nielsen and Y. Takanishi, Phys. Lett. B 507, 241 
(2001). 

[30] E. W. Kolb and M. S. Turner, The Early Universe, 
Addison- Wesley (1990). 

[31] S. Davidson and A. Ibarra, Phys. Lett. B 535, 25 (2002); 
K. Hamaguchi, H. Murayama and T. Yanagida, Phys. 
Rev. D 65, 043512 (2002); W. Buchmiiller, P. Di Bari 
and M. Pliimacher, Nucl. Phys. B 665, 445 (2003); T. 
Hambye, Y. Lim, A. Notari, M. Papucci and A. Strumia, 
Nucl. Phys. B 695, 169 (2004); G. F. Giudice, A. Notari, 
M. Raidal, A. Riotto and A. Stumia, Nucl. Phys. B 685, 
89 (2004); W. Buchmiiller, P. Di Bari and M. Pliimacher, 
Ann. Phys. 315, 305 (2005). 

[32] See for example, M.Yu. Khlopov and A.D. Linde, Phys. 
Lett. 138B, 265 (1984); F. Balestra, G. Piragino, D.B. 
Pontecorvo and M.G. Sapozhnikov, I.V.Falomkin and 
M.Yu.Khlopov, Yad. Fiz. 39, 990 (1984) [Sov. J. Nucl. 
Phys. 39, 626 (1984)]; M.Yu. Khlopov, Yu.L. Levitan, 
E.V. Sedelnikov and I.M. Sobol, Yad. Fiz. 57, 1466 
(1994) [Phys. Atom. Nucl. 57, 1393 (1994)]. See also, W. 
Buchmiiller, R. D. Peccei and T. Yanagida, Leptogenesis 
as the origin of matter, arXiv: hep-ph/0502169 

[33] I. Aizawa, M. Ishiguro, T. Kitabayashi and M. Yasue, in 
Ref.[i:a. 

[34] T. Kitabayashi and M. Yasue, work in progress. 



